In Malaysia, the consumption of raw herbs and vegetables is considered a traditional healthy diet because of their potential health-promoting properties. 1 Locally known as ulam, they are served as a side dish or as ingredients in specialty dishes in many Malay restaurants and eateries throughout the country. Ulam may also be blanched, sautéed, curried or fried. It is believed that the regular intake of ulam can assist in preventing degenerative diseases, delaying the sign of aging, and improving general health. When eaten raw, ulam is often dipped in hot and spicy sauce to enhance flavours.
It is generally believed that processed or cooked herbs and vegetables are lower in nutritional value than raw samples because some of their phytochemicals and enzymes tend to be degraded by heat or leached into the cooking water. Some studies have shown the effect of thermal treatment in reducing phenolic content and antioxidant activity of herbs and vegetables that were subjected to blanching, boiling, and freezing processes. 2 In most Asian countries (e.g. China, Japan, and Korea), vegetables are preserved and consumed regularly. Yet there are hardly any studies on their antioxidant properties (AOP) compared to fresh vegetables. Although much work has been done on the effects of cooking on the AOP of vegetables, there is limited research on the effects of brining and pickling of vegetables.
When brining vegetables, salt is used as a preservative and softening agent. 3 Besides enhancing their flavour, salt has an antimicrobial effect due to its capacity to reduce water activity. However, brining can reduce the nutritional value of preserved vegetables because of the elimination of watersoluble vitamins and minerals. The brining process involves fermentation by lactic acid bacteria. When pickling vegetables, vinegar is used followed by pasteurisation. 4 The vinegar provides a sour and acidic taste, while the pasteurisation process destroys spoilage microbes and inhibits fermentation.
Although the AOP of herbs and vegetables are well known, the effects of different processing methods are poorly studied. In this study, the antioxidant properties of selected fresh herbs and vegetables were analysed and evaluated. For the first time, the effects of blanching, microwave, freezing, brining, and pickling on their AOP were assessed with comparison to those of fresh samples.
MATERIALS AND METHODS

Herbs and vegetables
Selected herbs were Anacardium occidentale L. (cashew), Centella asiatica (L.) Urban (pennywort), Citrus hystrix DC. 
Extraction
Fresh and processed samples (1 g) were finely powdered with liquid nitrogen in a mortar using a pestle. The fine powder of samples was extracted with 50 ml of methanol with continuous swirling (120 rpm) in an orbital shaker for 1 h at room temperature. Extracts were then filtered through Whatman No. 1 filter paper into Buchner flasks by vacuum filtration, and subsequently transferred into falcon tubes to be stored at −20 o C in a freezer for further use.
Processing methods
Blanching of herbs involved immersing 1 g of sample in 50 ml of boiling water for 30 s. The blanched samples retained on the sieve were wiped dry and extracted while Anacardium occidentale (cashew)
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the blanching water was kept for analysis of phenolic content.
Microwave treatment of herbs involved placing 1 g of sample in a microwave oven (230-240 V, 50 Hz) at the centre position for 30 s. Upon removal from the oven, water vapour formed on the beaker was removed using tissue paper to avoid re-absorption of water by the samples.
Freezing of herbs involved placing 15 g of sample in a freezer (−20 o C) for 24 h. Frozen samples were taken out of the freezer and allowed to thaw for 30 min, prior to extraction.
Brining of vegetables involved immersing 100 g of sample into a 250 ml Schott bottle containing 100 ml of 15% brine solution for three weeks. Each sample was cut into 2 × 2 cm cubes and the brine solution was prepared by dissolving 15 g of sodium chloride in 100 ml of ultra pure water. The bottles were capped and stored at room temperature for three weeks. Analysis of the AOP of brined vegetables was conducted weekly.
Pickling of vegetables involved immersing 100 g of sample into a 250 ml Schott bottle containing 100 ml of vinegar. Each sample was cut into 2 × 2 cm cubes and pasteurised by heating in a water bath for 10 min at 70 o C. The vinegar was brought to boil before pouring into the Schott bottle. The bottles were capped and stored at room temperature for three weeks. Analysis of the AOP of pickled vegetables was conducted weekly.
Antioxidant assays
Fresh and processed herbs and vegetables were analysed for phenolic content (total phenolic content, total flavonoid content, and caffeoylquinic acid content), and antioxidant activity (free radical scavenging activity, ferric reducing power, and ferrous ion chelating ability). The following AOP protocols have been described in our previous publications. 5, 6 Total phenolic content (TPC) of plant samples was determined using the Folin-Ciocalteu (FC) assay. FC reagent (1.5 ml, 10 times dilution) and sodium carbonate (1.2 ml, 7.5%, w/v) were introduced into test tubes containing 300 μl of extracts. Absorbance was measured at 765 nm after incubating for 30 min in the dark. TPC was expressed as gallic acid equivalent (GAE) in mg/100 g.
Total flavonoid content (TFC) of plant samples was assessed using the aluminium chloride assay. Extracts (1 ml) were introduced into test tubes containing 4 ml of water.
Sodium nitrite (0.3 ml, 5%) and aluminium chloride (0.3 ml, 10%), and sodium hydroxide (2 ml, 1 M) were then added, followed by 2.4 ml of water, making up to 10 ml. After incubating at room temperature for 10 min, absorbance of the mixtures was determined at 415 nm against a sample blank of 1 ml with 9 ml of water. TFC was expressed as quercetin equivalent (QE) in mg/100 g.
Caffeoylquinic acid content (CQAC) of plant samples was quantified using the molybdate assay. Molybdate reagent was prepared by dissolving 16.5 g sodium molybdate, 8.0 g dipotassium hydrogen phosphate, and 7.9 g potassium dihydrogen phosphate in 1 litre of water. To each plant extract (0.3 ml), 2.7 ml of the reagent was added and incubated for 10 min. Absorbance was measured at 370 nm against a sample blank of 0.3 ml with 2.7 ml of water. CQAC was expressed as mg chlorogenic acid equivalent (CGAE)/100 g.
Free radical scavenging (FRS) activity of plant samples was measured using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. Different dilutions of extracts (1 ml) were added to 2 ml of DPPH (5.9 mg per 100 ml methanol). Absorbance was measured at 517 nm after 30 min. FRS based on IC 50 was expressed as ascorbic acid equivalent antioxidant capacity (AEAC) in mg ascorbic acid (AA)/100 g of sample. AEAC was calculated as IC 50 (ascorbic acid) /IC 50 (sample) × 10 5 where IC 50 of ascorbic acid was 0.00387 mg/ml. Ferric reducing power (FRP) of plant samples was determined using the potassium ferricyanide assay. Different dilutions of extracts (1 ml) were added to 2.5 ml phosphate buffer (0.2 M, pH 6.6) and 2.5 ml of potassium ferricyanide (1%, w/v), and the mixture was incubated at 50°C for 20 min. After adding trichloroacetic acid solution (2.5 ml, 10%, w/v), the mixture was separated into aliquots of 2.5 ml, and diluted with 2.5 ml of water. Ferric chloride solution (500 ml, 0.1%, w/v) was added to each diluted aliquot. After incubation for 30 min, absorbance was measured at 700 nm. FRP was expressed as mg GAE/100 g. The calibration equation for gallic acid was y = 16.767x (R 2 = 0.9974), where y is the absorbance and x is the GA concentration in mg/ml.
Ferrous ion chelating (FIC) ability of plant samples was measured using the ferrozine assay. Different dilutions of extracts (1 ml) were mixed with FeSO 4 (0.1 mM, 1 ml) and with ferrozine (0.25 mM, 1 ml). After 10 min of incubation, absorbance was measured at 562 nm and FIC was calculated as chelating ability in % = (1 − A sample /A control ) × 100. FIC ability was expressed as median chelating efficiency concentration (CEC 50 ) in mg/ml or the effective concentration of extract to chelate ferrous ions by 50%.
Statistical analysis
All analyses were undertaken in triplicate (n = 3) and results were expressed as means ± standard deviations (SD). Analysis of variance (ANOVA) was analysed using the Tukey Honestly Significant Difference (HSD) test, based on significant difference of p < 0.05.
RESULTS AND DISCUSSION
Fresh herbs
Of the 10 fresh herbs analysed for phenolic content (TPC, TFC, and CQAC) and primary antioxidant activity (AEAC and FRP), leaves of A. occidentale and C. asiatica displayed the highest and lowest values, respectively (Table 1) . Based on TPC and/or AEAC values, the species were ranked as 'high' for A. occidentale, P. minus, and C. caudatus; 'moderate' for P. caninum; and 'low' for P. betle, C. hystrix, O. javanica, P. sarmentosum, H. sabdariffa, and C. asiatica. The classification used was 'high' for > 2000 mg GAE/100 g and/or > 2000 mg AA/100 g; 'moderate' for 1000-2000 mg GAE/100 g and/or 1000-2000 mg AA/100 g; and 'low' for < 1000 mg GAE/100 g and/or < 1000 mg AA/100 g. Of the three species ranked as 'high', the outstanding TFC (922 ± 53 mg GE/100 g) and CQAC (1270 ± 65 mg CGAE/100 g) of C. caudatus were noteworthy. In terms of FIC ability, which is a secondary antioxidant activity, strongest CEC 50 was observed in C. hystrix (1.2 ± 0.2 mg/ml) and A. occidentale (1.9 ± 0.2 mg/ml).
Applying the same classification for the AOP of eight fresh western culinary herbs, 5 none qualified as 'high' with only Rosmarinus officinalis (rosemary), Thymus vulgaris (thyme), and Origanum majorana (marjoram) ranked as 'moderate'. Complementing findings of this study, TPC, FRP and DPPH radical scavenging activity of methanol extract of A. occidentale were the strongest amongst 30 species of herbs and leafy vegetables tested. 7 Similarly, ranking based on TPC of aqueous extracts of some Malaysian herbs was of the order: P. minus > C. caudatus > O. javanica > C. asiatica. 8 Out of 12 Malay traditional herbs, highest DPPH radical scavenging activity was also reported in A. occidentale (IC 50 of 15 ± 0.1 μg/ml) and C. caudatus (IC 50 of 20 ± 0.1 μg/ml).
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The outstanding AOP of A. occidentale reported in this study may be attributed to its phenolic constituents. Data on phenolic content and antioxidant activity are means ± standard deviations. Abbreviations and units: TPC = total phenolic content (mg GAE/100 g), TFC = total flavonoid content (mg QE/100 g), CQAC = caffeoylquinic acid content (mg CGAE/100 g), AEAC = ascorbic acid equivalent antioxidant capacity (mg AA/100 g), FRP = ferric reducing power (mg GAE/100 g), CEC 50 = median chelating efficiency concentration (mg/ml), GAE = gallic acid equivalent, QE = quercetin equivalent, CGAE = chlorogenic acid equivalent, and AA = ascorbic acid. Lower CEC 50 values mean stronger ferrous ion chelating ability.
The potent AOP of P. minus may be due to high contents of flavonoids e.g. rutin, catechin, quercetin, isohamnetin, and kaempferol. 11 The aqueous extract of P. minus at 200 ppm had better ferric reducing ability than butylated hydroxytoluene (BHT) but comparable to butylhydroxyanisole (BHA). 8 The outstanding TFC and CQAC of C. caudatus complemented findings of an earlier study that its very high AEAC was attributed to phenolic compounds of proanthocyanidins, quercetin glycosides, caffeoylquinic acids, and (+)-catechin. 
Processed herbs
Blanching in hot water for 30 s resulted in a significant decrease in the phenolic content and antioxidant activity of A. occidentale and P. betle compared to fresh samples ( Table 2) . Declines in values of the blanched herbs ranged from 20-31% and 30-60%, respectively. Blanching of C. caudatus resulted in significant declines in TPC, TFC, and AEAC, with CQAC and FRP remaining unchanged. Values of blanched P. minus remained relatively unchanged with the exception of TFC, which showed a significant increase of 48%. In terms of susceptibility to blanching, AOP ranking was of the order: P. betle > A. occidentale > C. caudatus > P. minus.
Findings of this study are consistent with those of earlier research, which reported that blanching of vegetables generally caused declines in AOP. On the contrary, some studies have also reported gains and/or loss in AOP of vegetables following blanching. Asparagus, burdock, carrot, eggplant, and green chilli blanched for 5 min resulted in 10-120% increase in FRS activity. 13 Onion, radish and spinach had declines of 56-80%. Green leafy vegetables blanched for 5 min showed an increase in phenolic content of up to 200%, but loss in FRS activity and ferric reducing ability of up to 52% and 80%, respectively. 14 The ferric reducing power and quercetin content of blanched rhizomes of Curcuma mangga were significantly higher than those of fresh rhizomes. 15 Loss in AOP during blanching could be due to the large surface area of the herbs in contact with the boiling water, which caused solubilisation and leaching of phenolic compounds into the water. 13 In this study, the TPC, TFC, and CQAC of blanching water were 5-20% for A. occidentale, 66-93% for C. caudatus, 2-17% for P. minus, and 2-47% for P. betle, suggesting the amount of antioxidants leached varied with the species.
Gain in AOP during blanching might be attributed to thermal destruction of cells releasing antioxidative compounds and to the inactivation of polyphenol oxidase, which inhibits polyphenol degradation. 13 The increment could also be due to the hydrolysis of flavonol glycosides to their respective aglycones, 15 and the breakdown of tannins to simple phenolic compounds, 14 which are expected to possess more potent antioxidant activity.
Microwave treatment did not affect the AOP of leaves of A. occidentale with TPC, TFC, CQAC, AEAC, and FRP having values comparable to fresh samples (Table 2 ). Leaves Abbreviations and units: TPC = total phenolic content (mg GAE/100 g), TFC = total flavonoid content (mg QE/100 g), CQAC = caffeoylquinic acid content (mg CGAE/100 g), AEAC = ascorbic acid equivalent antioxidant capacity (mg AA/100 g), FRP = ferric reducing power (mg GAE/100 g), GAE = gallic acid equivalent, QE = quercetin equivalent, CGAE = chlorogenic acid equivalent, AA = ascorbic acid, and * = significantly different at p < 0.05 compared to fresh herbs.
of P. minus showed slight gains in values of which only the increase in TFC was significant. However, leaves of C. caudatus and P. betle exhibited significant increase in values ranging from 22-60% and from 19-85%, respectively.
Data from this study are supported by earlier findings. Microwave treatment resulted in a significant increase in the AOP of leaves of Morus alba and Thunbergia laurifolia. 16 TPC, AEAC, and FRP of microwave-dried leaves of M. alba were 24%, 91%, and 30% higher than those of fresh leaves, respectively. TPC and AEAC of microwave-dried T. laurifolia leaves were 38% and 84% higher. The enhancement effects of microwave treatment on the AOP of plant samples have also been reported in green tea of Camellia sinensis. 17 The enhanced AOP of microwave-dried herbs might be due to the release of bound phenolic compounds, brought about by the breakdown of cellular constituents. 18 Microwave energy could have increased the solubility of polyphenols by preventing them from binding to the leaf matrix. 17 Other contributing factors included rapid heat transfer and thermal inactivation of polyphenol oxidase activity in samples due to microwave irradiation. 19 Another likely cause for the increase in antioxidant activity following microwave-drying was the production of additional phenolic compounds from precursors already present in the samples. 18 Freezing had variable effect on the AOP of leaves of A. occidentale and P. minus (Table 2 ). Significant declines were observed in TPC (21%) and TFC (15%) of A. occidentale. Loss in CQAC and AEAC, and gain in FRP were comparable. Declines in TFC (25%), CQAC (28%), and AEAC (50%) of P. minus were significant while TPC and FRP were relatively unchanged. However, frozen leaves of C. caudatus and P. betle exhibited significant increase in TPC, TFC, CQAC, AEAC, and FRP with values ranging from 19-61% and 40-90%, respectively.
The effect of freezing on AOP was reported to be largely dependent on the type of vegetables. 20 Notably, freezing increased the antioxidant activity in green vegetables of beans, zucchini, and peas, while decreasing or not affecting the activity in yellow or red vegetables of carrots, tomatoes, and pepper. Frozen vegetables were reported to share similar antioxidant values as fresh vegetables purchased from supermarkets. 21 The levels of antioxidant activities were much higher compared with canned and jarred vegetables. The effect of freezing on fresh red raspberries was reported. 22 Fruits were stored at 4°C (freezer) for 3 days and then at 18°C (refrigerator) for 24 h, mimicking the post-harvest route to the supermarket and to consumers. Anthocyanin levels were unaffected, vitamin C levels declined, and contents of phenolic acids and flavonols increased. Overall, there was no effect on the antioxidant capacity of the frozen fruits.
Fresh vegetables
Compared to fresh herbs, the phenolic content of fresh vegetables were significantly lower (Table 3) . TPC ranged from 56 ± 4.7 mg GAE/100 g (baby corn) to 154 ± 10 mg GAE/100 g (garlic), TFC ranged from not detected (button mushroom) to 33 ± 7.6 mg QE/100 g (ginger), and CQAC ranged from 7.3 ± 1.7 mg CGAE/100 g (garlic) to 44 ± 8.6 (ginger). Based on antioxidant activity, AEAC was significantly lower than herbs with values ranging from 17 ± 1.0 mg AA/100 g (garlic) to 249 ± 25 mg AA/100 g (ginger), but CEC 50 was significantly higher Data on phenolic content and antioxidant activity are means ± standard deviations. Abbreviations and units: TPC = total phenolic content (mg GAE/100 g), TFC = total flavonoid content (mg QE/100 g), CQAC = caffeoylquinic acid content (mg CGAE/100 g), AEAC = ascorbic acid equivalent antioxidant capacity (mg AA/100 g), CEC 50 = median chelating efficiency concentration (mg/ml), GAE = gallic acid equivalent, QE = quercetin equivalent, CGAE = chlorogenic acid equivalent, AA = ascorbic acid, and ND = not detected. Lower CEC 50 values mean stronger ferrous ion chelating (FIC) ability.
with values ranging from 2.2 ± 0.7 mg/ml (ginger) to 0.3 ± 0.0 mg/ml (garlic). Ranking based on AEAC was of the order: ginger > chilli > button mushroom > baby corn > onion > garlic. Ranking of CEC 50 was of the order: garlic > button mushroom > onion ~ chilli > ginger.
It should be noted that AEAC and CEC 50 are primary and secondary antioxidant activities, respectively. AEAC (in terms of FRS) measures the hydrogen and electrondonating ability of primary antioxidants that prevent oxidative damage by directly scavenging free radicals. 23 FIC (in terms of CEC 50 ) measures the ability of secondary antioxidants to chelate metal ions. These secondary antioxidants act indirectly by preventing the formation of free radicals through the Fenton's reaction.
Although vegetables are low in phenolic content (TPC, TFC, and CQAC) and weak in primary antioxidant activity (AEAC), they are strong in secondary antioxidant activity (CEC 50 ). The poor correlation between phenolic content and CEC 50 indicates that phenolic compounds might not be the chelators of metal ions.
Garlic and onion were good ferrous ion chelators among the selected vegetables in this study. Garlic had significantly higher TPC and CEC 50 than onion. TFC, CQAC, and AEAC of onion were significantly higher. A recent study however reported that TPC and FIC of onion were higher than garlic but FRS activity was higher in garlic. 24 The discrepancy might be due to the differences in extraction method and solvent used as reported in Citrus limon. 25 
Processed vegetables
Brining with salt led to declines in TPC and AEAC of garlic, onion, baby corn, and button mushroom over a three-week period (Table 4) . Garlic with the highest TPC declined significantly by 43% in week 2 and by 62% in week 3. TPC and AEAC of button mushroom showed significant declines of 20−25% and 63−65%, respectively. Slight declines of 2−5% in TPC was observed in baby corn while AEAC declined 32% in the first week. Interestingly, onion exhibited significantly higher AEAC in weeks 2 and 3. Pickling with vinegar, similarly, led to significant declines in TPC and AEAC of garlic, onion, ginger, and chilli over a three-week period. Steep declines of 68−69% in TPC was observed in garlic while all selected vegetables displayed significant declines in AEAC.
A recent study compared the AOP of fresh and commercially pickled papaya. 26 Pickling was done using vinegar, salt, sugar, and water. The study reported similar results of declines in AOP. Fresh papaya had TPC of 142 ± 12 mg GAE/100 g and FRS activity of 4.3 ± 0.3 mg/ml. For pickled papaya, TPC was only 45 ± 4.7 mg GAE/100 g and FRS activity was not detected.
Overall, the effect of pickling was more adverse as the process involved pasteurisation. The loss of AOP might be attributed to the thermal degradation of phytochemicals, loss of antioxidant enzyme activities, and enzymatic degradation of phenolic compounds. 18 The pasteurization process might have caused the leaching of antioxidants from the vegetables into the vinegar solutions.
CONCLUSION
Herbs are rich in phenolics with potent primary antioxidant activity. Although vegetables are low in phenolic content and weak in primary antioxidant activity, they are strong in secondary antioxidant activity. Blanching, microwave, and freezing treatments had variable effects on the AOP of the herbs, which included significant loss or gain and relatively unchanged. Brining with salt and pickling with vinegar led to declines in the AOP of vegetables over a three-week period. The effect of pickling was more adverse as the process involved pasteurisation. The Abbreviations: TPC = total phenolic content and AEAC = ascorbic acid equivalent antioxidant capacity (mg AA/100 g), GAE = gallic acid equivalent, AA = ascorbic acid, and * = significantly different at p < 0.05 compared to fresh vegetables.
effects of processing on the AOP are largely dependent on the type of herbs and vegetables.
